(Some figures in this article are in colour only in the electronic version) White organic light-emitting diodes (WOLEDs) have been intensively developed due to their great potential in general lighting applications. As compared with the traditional lighting sources, an OLED has several unique properties. For instance, it can be fabricated into a large-area or flat-surface light source, it is a clean light source that is mercury-and ultraviolet-free and, last but not the least, it is transparent and flexible. Recently, many reports have suggested that the power efficiency of WOLEDs has not only surpassed that of incandescent bulbs, but is also competitive with that of fluorescent lamps [1] [2] [3] . This progress will certainly speed up the utilization of OLEDs in lighting in the near future.
To achieve WOLEDs with high efficiency, adoption of phosphorescent materials is necessary since they can utilize both singlet and triplet excitons for generating light emission which leads to OLEDs with 100% internal quantum efficiency (IQE) [4] . It is known that green and red phosphorescent materials have been demonstrated in the fabrication of commercial OLED products. However, the blue phosphorescent material, which is the indispensable component for generating white emission, still has many 1 Author to whom any correspondence should be addressed.
problems that need to be overcome; for example, low device efficiency and short operational lifetime.
Recently, we introduced two kinds of device architecture for improving the efficiency of blue phosphorescent OLEDs (PHOLEDs).
One is a composite emitter, which was constructed by doping a carrier-transporting material into the conventional emitter [5, 6] . The other one is based on a concept of double emitters, which was constructed from two different host materials that have opposite carrier-transporting properties [7] . These two kinds of device architecture can significantly improve the efficiency of blue PHOLEDs by more than twice as compared with that of using the conventional emitter. Moreover, they can efficiently alleviate the problematic efficiency roll-off in blue PHOLEDs. Many other papers also reported the use of a similar concept for achieving high device efficiency for blue PHOLEDs [8] [9] [10] [11] [12] [13] .
To generate white emission, one can simply use the combination of two complementary colours such as blue and yellow. The emissive layers (EMLs) of an OLED can be arranged in the order Y/B or B/Y/B; the latter EML configuration can achieve a higher efficiency and a smaller colour shift with various operational brightness values. However, the problem of the WOLED based on the B/Y/B EML configuration is that the doping concentration and the thickness of the yellow emitter must be carefully controlled, for instance, lower doping concentration and smaller thickness [13] . This will further complicate the fabrication process.
In this study, we will introduce a simple process for generating yellow emission of a WOLED based on the B/Y/B EML configuration, in which a host-free, yellow phosphorescent material is dispersed in between the double blue emitters. The device performance achieved a comparable value to that of using a complicated host-guest doping system to form the yellow emitter in WOLED. Based on this device concept as well as the molecular engineering of the blue phosphorescent host material and light-extraction film, a WOLED with a power efficiency of 65 lm W −1 at a practical brightness of 1000 cd m −2 with Commission Internationale d'Echariage coordinates (CIE x,y ) of (0.37, 0.47) can be achieved.
In our experiments, the blue PHOLED with double emitters was constructed by doping a blue phosphorescent dopant, iridium(III)bis((4,6-difluorophenyl)-pyridinate-N,C
2 ) picolinate (FIrpic), into a carbazole-based material, 2,2 -bis (4-carbazolyphenyl)-1,1 -biphenyl (4CzPBP) [14] , as a hole transport host and a phosphine oxide-based material, 2,8-bis(diphenylphosphoryl)dibenzothiophene (PPT) [15] , as an electron transport host. Both these host materials 4CzPBP and PPT exhibited a high triplet excited state of 3.0 eV, which was higher than that of FIrpic of 2.67 eV for preventing the quenching of dopant emission. In order to optimize the device performance of the blue PHOLED, an additional carrier-transporting material, 4,4 ,4 -tri (N -carbazolyl)triphenylamine (TCTA), was doped in both double emitters for promoting the transport of carriers from hole-/or electron-transporting layer (HTL/or ETL) to the emitter [7] . Finally, an electron-blocking material (EBL), bis [4- [16] , which possessed a high triplet excited state of 2.9 eV and a high-lying LUMO level of 2.2 eV, was used to confine all the generated excitons in the emitter. A high electron mobility material (10 −4 cm 2 V −1 at 10 5 V cm −1 ) [17], 4,7-diphenyl-1,10-phenanthroline (Bphen), and 20% caesium carbonate (Cs 2 CO 3 ) doped with Bphen [18] were used as the ETL and n-ETL, respectively, to achieve a low driving voltage. A thiopyridinyl-based iridium molecule (PO-01) was used as the yellow phosphorescent material in our experiment. On fabricating a yellow PHOLED by doping PO-01 with CBP as the emitter, the device achieved a high current efficiency of 64 cd A −1 and an external quantum efficiency (EQE) of 22%. The EQE is close to the theoretical limit of PHOLED, which suggests that PO-01 itself possesses a very high quantum efficiency. The detailed molecular synthesis and device performance of PO-01 will be published elsewhere. The WOLED in this study was fabricated using PO-01 as the hostfree, yellow phosphorescent material which was dispersed in between the double blue emitters in the above-mentioned device structure. Figure 1 shows the molecular structure of PO-01 and device architecture in this study. All the materials were deposited by thermal evaporation in an ULVAC Solciet OLED coater at a base vacuum of 10 −7 Torr. The device performance of luminance yield and EL spectra, and CIE x,y colour coordinates were measured by a Minolta luminance meter and a Photo Research PR-650 spectrophotometer driven by a programmable dc source, respectively.
The blue PHOLED with double emitters doped with additional TCTA as the carrier-transporting material achieved a current efficiency of 29.5 cd A −1 , power efficiency of 21 lm W −1 and driving voltage of 4.4 V at a practical brightness of 1000 cd m −2 . In addition, the device displayed a slight efficiency roll-off of 24% from low (1 mA cm −2 and 400 cd m −2 ) to high current density (40 mA cm −2 , 10 000 cd m −2 ). Based on this blue PHOLED, PO-01 as the host-free, yellow phosphorescent material was dispersed in between the double blue emitters for generating white emission. Figure 2 shows the dependence of current efficiency-current density (cd/A-J ) of the WOLED with varying thickness of the host-free PO-01. When the thickness of the host-free PO-01 was decreased to 0.1 nm, the WOLED displayed the highest current efficiency of 36 cd A −1 with Figure 3 shows the dependence of current efficiency on current density (cd/A-J ) of the WOLED with host-free and host-guest doping systems. Apparently, the WOLED with host-free and host-guest doping systems displayed comparable device performance.
By employing a light-extraction film (OPALUS BS300, Keiwa Inc.) on a glass substrate, the WOLED with host-free PO-01 inserted in between double blue emitters exhibited a power efficiency of 55 lm W −1 and 44 lm W −1 at operational brightness values of 200 cd m −2 and 1000 cd m −2 , respectively. In addition, it is noteworthy that the EL spectra were almost unchanged with different operational brightness values with CIE x,y of (0.33, 0.45). As the operational brightness was further increased to 10 000 cd m −2 , a power efficiency as high as 30 lm W −1 was obtained. Finally, by modifying the blue phosphorescent host material and with a light-extraction film, the WOLED with host-free PO-01 dispersed in between the double blue emitters achieved a high power efficiency of The power efficiency and cost efficiency are the two important issues for determining whether or not an OLED can be applied in lighting successfully. As the performance of organic molecules and light-extraction technology continues to improve, the device efficiency of OLEDs has already reached above 100 lm W −1 [2, 3] . The host-guest doping system is one of the most important technologies of OLEDs for achieving high efficiency, colour variation and long operational lifetime. However, the low doping concentration of the guest material makes the fabrication process of OLED much more complicated. Here, we introduce the device concept of dispersing a host-free, yellow phosphorescent material in between double blue emitters for fabricating a WOLED, which shows comparable performance to that of using the conventional complicated host-guest doping system.
